ABSTRACT. Embryonic E14 stem cells were differentiated to parietal yolksac-like flat cells in vitro in the absence of added feeders and LIF (Leukemia Inhibitory Factor). Wecloned circular DNAsfrom the differentiating E14 cells. Out of 9 DNAinserts with the unique sequence, one clone showed a chromosomal rearrangement which could have occurred between a pair of short inverted repeats. Recombination mechanism is discussed in view of two other circularization events of the flanking sequences between short inverted repeats shown in differentiated P19 embryonal carcinoma cells. 
Mammalian cells contain a heterogeneous population of circular DNAsthat are composed entirely of chromosomal sequences. They include chromosomal excision products of antigen receptor V(D)J recombination and immunoglobulin class switch recombination (5, 7, ll, 21 , 23, 29, 34) , extrachromosomal DNAscontaining interspersed repetitive sequences (6, 14, 17, 26) or tandem repeats (2, 15, 16, 18) and more or less uncharacterized small polydisperse circular (spc) DNAs (36, 37, 39) . Chromosomal excision products are generated by in Immunoglobulin class switch recombination generates extrachromosomal circular DNAs by joining the two switch (S) regions located upstream of each constant region. The S region consists of tandemrepetition of short unit sequences composed of the primordial pentamer sequences (C/G)TG(A/G)G which show homology to some of the general recombinogenic sequences such as x and mini-satellite sequences (1, 27) . However, switch recombination sites tend to share little homology (ll, 12, 21, 34) . Thus S-S recombination seems to be mediated through a mechanism different from typical homologous recombination.
Both short (SINE) and long (LINE) interspersed repetitive sequences are known as retroposons, as expected for a reverse transcript (30). Although extrachromosomal retroposon-containing circular DNAsfit the idea of putative intermediates or by-products of RNAmediated transposition, they also match the excision products generated by homologous recombination between flanking direct repeats (24). Alphoid satellite DNAand Sau3A family DNAenriched in spc DNAare explained as the result of homologous recombination events within the long array of tandem repeats (16, 24) .
Extrachromosomal circular DNAs emerged in the course of lymphocyte development as reviewed by Lewis (19) and Harriman et al. (8) (32) , and were cultured in Dulbecco's modified Eagle's medium (GIBCO) containing 20% fetal bovine serum (BioSerum),
10-4M /3-mercaptoethanol, and 103 U/ml LIF (ESGRO). Stock cultures were passaged every 3 days by plating 5 x 106 cells with 3 x 106 mitomycin C-treated NHL7feeder cells (25) in a 90 mmdish, and the culture mediumwas changed every day. Differentiation of ES cells was induced by removing the feeder cells and LIF from the culture, and cells were harvested on day 5 when approximately one-third of the cells had shown differentiated morphology. Construction ofa circular DNAclone library. Extrachromosomalcircular DNAmolecules were prepared from approximately 5 x 106 E14 cells induced to differentiate and purified by use of ATP-dependent exonuclease to removecontaminating linear DNA, as described previously, except for Xhol treatment (38). They were digested with Bglll, ligated to calf intestine phosphatase ( Table I . All post-hybridization washes were at high stringency (0.5 x SSC, 0.1% SDS, 68°C).
DNAamplification.
A genomic DNAequivalent to 5 x 105 cells (1^1) after being induced to differentiate was subjected to two rounds of PCRusing pairs of nested primers. They were sps 72/73 for the first round and sps 74/75 for the second round or a pair of sps 76/77 primers. The primers were designed from the pGLl and pGL5nucleotide sequences of DDBJ/EMBL/GenBank databases accession no. D86124: sps 72, GTGAAACCTTACACTTGGGA; sps 73, TCCTGCAC AACAGTCTGTAA; sps 74, TCTCCAAGTCACTGTCTTT G; sps 75, GATACACAGACATGATGGCA; sps 76, AGGT GAAAGCCCTGCATTGT; sps 77, GGTCTTGGAGATGA AAACCA (Fig. 2a) . Amplification was performed with Taq polymerase as follows: an initial 4 min incubation at 94°C, 30 cycles at 94°C for 1 min, 50°C for 2min and 72°C for 3 min with a final 5 min elongation step at 72°C. PCRfragments were cloned into MCSof pCF2.
Sequencing.
Circular DNA and genomic DNA cloned into kpCF2 were rescued as plasmid clones by Notl digestion. Nucleotide sequences were determined by the dideoxy chain termination method using the universal Ml3 primer M4or reverse primer RV.
RESULTS
Development of an efficient cloning system for spc DNA. DNA cloning techniques have been of great value in characterizing the molecular structure of eukaryotic extrachromosomal circular DNAs,as shown in the identification of excision products of antigen receptor V(D)J recombination and immunoglobulin class switch recombination (8, 19) . However, spc DNAs emerge much less frequently in the process of differentiation of embryonic stem cells than in lymphoid cells. cloning system: purification of circular DNA using ATP-dependent exonuclease to remove contaminating linear DNA (38), digestion with Bglll and cloning into the BamHlsite of the phage^-plasmid composite vector, >}pCF2 which is capable of plasmid rescue as constructed in this study (Fig. 1) . In this system, a single mitochondrial Bglll fragment of 15 kb is not packageable into the ApCFl vector (cloning capacity up to 9.0 kb). After isolation of phage clones of interest, pCF2 plasmid with spc DNAinserts can be obtained by Notl digestion and ligation followed by transformation of bacterial cells. Spc DNAclones isolated from differentiating E14 embryonic stem cells. WhenembryonicE14stem cells are cultured in the absence of added feeders and LIF, they multiply rapidly for several days and differentiate to parietal yolksac-like flat cells. In culture for 5 days without feeder cells and LIF, 20 to 30% of E14 cells differentiated.
Approximately 3 x 107 cells were harvested and the one-sixth was subjected to circular DNA preparation as described except for the Xhol digestion (38) . A circular DNA library was made by cloning i?g/II-digested circular DNAinto the BamHlsite of the ApCFlcomposite vector. Weselected 14 clear plaqueforming units at random and isolated DNAinserts of various length (Table I) . These DNAinserts were used as hybridization probes for Southern blots of undifferentiated E14 DNAthat had been digested with Bglll. Out of 14 DNAinserts of 1.6kb in average length, 5 contained repetitive sequences mostly showing a hybridization smear. Only one clone, ES4, showed two discrete bands of 1.7kb and 1.4kb which differed from the probe (0.8 kb). This suggests that the circularization joint is located within the 0.8 kb fragment of ES4. For the rest of the clones, the probe DNAwas identical with the germline DNAin size and possibly representing a partial sequence of the larger spc DNAs. Breakpoint on ES4 circular DNAfragment. To determine the joint for circle formation, we prepared a genomic library of E14 DNA which was digested with Bglll and cloned into the BamHl site of the /lpCF2 vector, and screened for germline sequence fragments homologous to the rearranged fragment of the ES4 circular DNA clone. Werecovered two germline clones; GL1 and GL5, which correspond to genomic Southern bands in size. Wesequenced the entire region of ES4 and both ends of the germline clones, GL1 and GL5 -attagIctIgccatttc tgcta Fig. 3 . A pair of short inverted repeats on the germline sequence flanking the circular DNAfragments isolated from the differentiated embryonic stem cell line E14 (a) and embryonal carcinoma cell line P19 (b and c). The sequence (a) is derived from pGLl, pGL5 and pES4; (b) from RP9, pR8 and pR2; (c) from pR24, pR23 and pR19 (13). The sequence within the circular DNAfragment is shown by dashes and short homologies at cross-over junctions are boxed. Inverted signal repeats of interest are marked by a pair of convergent arrows and the presumable cutting sites at the signal border by arrow heads. (Fig. 2a) . As shown in Fig. 2b , these 3 sequences were compared and the two breakpoints for circular DNA formation were identified on the chromosomal sequence. At the junction of the two breakpoints there exists a 4-bp homologous sequence. That is, the chromosomal sequence that forms the circular DNAof ES4 is flanked by a short direct repeat, ATCC.In the vicinity of the breakpoints, there are separated, patchy, short inverted repeats: TTGAAand TTAAA;AATTGand CACTT; TTTCAA and TTAAAA (Fig. 3a) .
Genomestructure of a complete ES4 circular DNA. To determine whether circular DNAs are generated as the result of chromosomaldeletion, weamplified the DNAsequences surrounding the breakpoint of circular DNA fragments by the polymerase chain reaction (PCR) method with the use of appropriate primer pairs (Fig. 2a) . Using a pair of the sps primers 72 and 73, we obtained a 1.3 kb PCR fragment from E14 cells induced to differentiate. A complete 1286 bp sequence of this fragment showed the precise joint of the terminal BglU cloning sites of the ES4 circular DNAfragment. Therefore, we constructed a linear genomesequence of 1310 bp including the complete ES4 circular DNAsequence as registered in the DDBJ, EMBLand GenBank nucleotide sequence databases under the accession number D86124 (Fig. 2a) . This sequence harbored two stretches of open reading frames (ORF1, at least 87 residues; ORF2, 70 residues) of opposite orientation.
The ORF1 showed 73% homology in 80 amino acids overlap including physicochemically similar residues to a continuous open reading frame (at least 174 residues) located in the complementary strand 522 bp upstream of the yeast a-type proteasomal gene, PRE5 (9) . Since functional domains for proteasomal subunits seem to be conserved in the eukaryotes, the ORF1may represent the unknown mousehomologue related to the a family of proteasomal subunits. Another PCRamplification using the pair of sps primers 76 and 77 failed to show any evidence of generation of extrachromosomal circular DNAs.
DISCUSSION
Large size circular DNAcomplexes of more than 3 kb emerge during the compaction process of mouse embryos and during the differentiation of embryonal carcinoma cells induced with retinoic acid (37). However, the complete ES4 circular DNAsequence analyzed in this study is only 0.8 kb long, thus ES4 DNAmay not represent circular DNAs specific for the early development of mouseembryos.
The presence of extrachromosomal circular DNAs composedof chromosomal sequences does not necessarily meana reciprocal recombination product of any rearranging chromosomal DNAas verified in V(D)J recombination and class switch recombination in the immune system as reviewed by Lewis (19) and Harriman et al. (8) . Extrachromosomal fragments may also be generated by other mechanisms, such as regional DNAamplification (31) . Wehave obtained no evidence so far for chromosomaldeletion or amplification responsible for spc DNA formation. Spc DNAs found in non-lymphoid cells may be a very small fraction of the total cellular DNAand thus hard to detect even by the PCR method.
Nascent fragments derived from a chromosomemay be linear or circularized with the two ends occasionally modified by base deletion or addition. We tried to find a signal sequence for circularization of spc DNAfrom three sequence data including two circular DNAclones isolated from retinoic acid-treated EC cells (13). It is known that the canonical signal sequences of V(D)J recombination can be regarded as patchy inverted repeats consisting of heptamers and nonamers separated by spacers, and the first three to four residues of the signal heptamer are conserved in the cryptic joining signals (19) . Nevertheless, examples of cryptic signal joints are involved in the characteristic precise connection between two signal elements (3, 10, 28) . Therefore, we searched for a pair of separated short inverted repeats of at least 5 bp showing more than 80% homology in the flanking region of a rearranging locus. Although the available data were limited, signal-like inverted repeats were found within a 5 bp-distance outside of recombination sites (Fig. 3) . Homologous regions at recombination sites were very short, 1 to 4 bases long. This is consistent with the short junctional homologies of 1.5 bases (0 to 4 bases) observed for end-to-end ligation between unrelated DNAsegments in mammaliancells (35) .
Although the reciprocal recombination product of a precise signal joint on the chromosomewas not confirmed, we propose a simple model for spc DNAformation by the cleavage at the exact edges of joining signals, an exonucleolytic trimming of the fragment disconnected from their signals, and the joining of trimmed ends facilitated by limited sequence homologies as shown in Fig. 4 . According to mechanistic and structural criteria, this is a pseudo-normal V(D)J joining, exploiting the degenerate signal sequence (19) and a short homology utilized for class switch recombination (8, ll, 12) . Many cryptic joining targets combined with a degenerate signal sequence and a short homologymay be scattered in the genome. However, actual recognition of cryptic sites by putative recombinase followed by spc DNAformation may be regulated by the local configuration of the chromosome. Although the biological significance of spc DNAformation remains unclear, spc DNAs appear to emerge in accord with the general rule utilized in V(D)J and class switch recombination, representing a localized flexibility of eukaryotic genomes.
